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Abstract 
The endothermic thermochemical process of metal oxide reduction in an indirectly-irradiated particle-laden flow solar reactor 
was modeled and analyzed using computational fluid dynamics (CFD) tool Ansys-Fluent. CFD modeling includes chemically 
reactive multiphase flow including solid-gas interactions, radiation heat transfer among particles, inner reactor walls and gas 
phase, and particle surface reaction chemical kinetics. A novel indirect heating cavity-type tubular solar reactor designed for 
continuous metal oxide reduction was simulated for predicting the temperature distribution profiles and benchmarked with on-
sun testing results under similar conditions. Further, design optimization on cavity size was performed for the targeted reaction 
temperature with enhanced handling capacity. A 50 mm cavity height was found to be suited for required temperature of above 
1900 K for zinc oxide thermal reduction. Prior to reaction kinetics implementation, the study of inert particle case was carried out 
to understand the influence of particle heating on thermal profile. Finally, reactive particle-laden flow was simulated using 
Eulerian-Lagrangian combined approach. The chemical conversion efficiency of the ZnO reduction process and the solar-to-
chemical energy conversion efficiency were also calculated for varied inlet particle mass flow rates.  
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1. Introduction 
Developments in concentrated solar power (CSP) technologies may provide high temperatures with zero-carbon 
emission. However, CSP technology demands for highly efficient energy storage, conversion and recovery methods. 
The effective conversion of solar energy into storable and transportable chemical energy is a long term research 
objective and offers an efficient path for long-term storage and long-range transport of solar energy. Latest 
evolutions in commercially advanced CSP technologies make high-temperature thermochemical (TC) energy 
conversion a sustainable, clean, and efficient path for solar fuel production and thermochemical energy storage 
(TCES), which offers a promising alternative to the conventional fossil-based fuel technologies. 
TC systems combined with CSP can be used to produce chemical fuels such as hydrogen (H2) from water 
splitting thermochemical cycles that is a sustainable alternative to fossil fuels-based processes [1]. TCES is also 
potentially interesting for CSP applications because of pros such as long term stable storage, energy loss avoidance, 
and high thermal storage density, compared to conventional sensible or even latent heat thermal energy storage 
methods. Among various TC energy conversions, metal oxide cycles using reduction-oxidation (redox) reactions 
have a significant potential for both solar fuel production and energy storage as they meet future operating 
temperatures of solar thermal power plants and electricity cost requirements by energy storage methods [1, 2, 3]. In 
the first step, an endothermic reduction reaction must be carried out in a high temperature solar reactor driven by 
CSP to produce the pure metal or the lower valence oxide, followed by an oxidation or hydrolysis step targeting 
TCES or H2 production, respectively. The oxidation step is used to regenerate the metal oxide for subsequent 
recycling [4]. As the energy conversion and heat recovery efficiency greatly depend on the efficiency of the 
reduction step, a significant effort must be dedicated to solar reactor design and optimization. Some of earlier studies 
dealt with solar reactor modelling for high-temperature thermochemical applications [4, 5, 6]. 
Two-step redox cycle based on zinc oxide (ZnO) is a promising candidate for thermochemical fuel production 
and energy conversion due to its high energy storage density and fuel productivity potential (15 mmolH2/gZn) 
compared to other metal oxides such as tin oxide, iron oxide, or manganese oxide [1, 7, 8, 11, 12]. A specific feature 
of ZnO reduction step is that the Zn species formed during the reaction is in gaseous state (boiling point of 907 °C) 
and it can be recovered in condensed state by quenching the flue gases to limit the reverse recombination process 
with the evolved oxygen. The required decomposition temperature for ZnO is around 2000 K and this endothermal 
reaction can be driven by CSP as the external process heat source. The solid metal zinc can be used in different 
industrial and automobile applications such as a fuel cell or battery, or in a water-splitting reaction producing 
hydrogen and regenerating ZnO which can be further recycled to complete the redox cycle [2, 8, 13, 16]. Although 
ZnO/Zn thermochemical cycle is known for its high process energy efficiency due to high reaction temperature and 
reduced number of steps, the operating temperature makes challenging the choice of thermally and chemically stable 
reactor materials and the appropriate reactor design [10]. In order to obtain and withstand high reaction temperatures 
in the reactor with acceptable efficiency, it is generally necessary to use the cavity-type receiver concept where the 
effective cavity absorption effect can be increased by focusing concentrated solar energy through an aperture [9, 14, 
17]. Cavity- type receiver systems subjected to incoming concentrated sunlight can further be classified as directly or 
indirectly heated depending on the mode of heat transfer to the reaction site during the endothermic process (direct 
irradiation of an absorbing particle flow or indirect irradiation via an opaque heat transfer wall) [10, 18-20]. 
This study aims at simulating and validating a small-scale indirect heating solar chemical reactor applied to ZnO 
dissociation. The simulation also aims to optimize the cavity design for reaching maximum energy conversion 
efficiency and reaction temperature requirements. The continuously injected reactive particle flow consists of ZnO 
reacting particles that also act as volumetric radiant absorber inside the tube. The indirect irradiation through an 
intermediate opaque tubular absorber results in a more uniform heating of the particles and a better temperature 
control, while the particle deposition on the optical window is avoided. The separation of the solar cavity receiver 
from the chemical reactor part is also beneficial for controlling the reacting volume, and avoiding any pollution 
evolving from insulation degassing. The solar reduction of zinc oxide (ZnO(s) ė Zn(g) + 0.5O2) in the current 
continuously-operated reactor configuration has been simulated with Ansys-Fluent using chemical kinetic data for 
ZnO dissociation available from literature [6, 7]. CFD is applied as a useful tool to analyze the fluid flow, heat 
transfers, reaction kinetics with multiphase approach at quick turnaround time with much lower costs than expensive 
experimental techniques [15]. CFD results can be benchmarked with experimental results at defined key conditions. 
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Thereafter, the problem set up can be repeated for the similar flow physics and sensitivity studies can be performed 
to understand the behavior of the system under various operating conditions. In this study, numerical analysis using 
CFD helped to optimize the reactor design and to understand the reaction mechanisms involving ZnO particles at 
different flow rates.  
 
Nomenclature  
݇ kinetic rate of particle surface reaction per unit area 
A pre-exponential factor, kg mí2 sí1 
E  activation energy, J molí1 
T temperature of the particle, K 
Ș solar to chemical energy conversion efficiency, % 
'Hr  reaction enthalpy of ZnO dissociation, 456 kJ molí1 at 2000 K 
cp,ZnO specific heat of ZnO, J mol-1 K-1 
T0 ambient temperature, K 
FZn  Zn flow rate, mol s-1 
Psolar solar power input, W  
2. Description of the solar reactor setup 
The device consists of two distinct parts, i.e., solar receiver cavity and chemical reactor that are isolated from 
atmosphere and to each other, as shown in Fig. 1. (a). The tubular reactor is inserted vertically into the square cavity 
solar receiver that is surrounded by outer graphite and ceramic fiber insulators and closed at the front by the glass 
window. The insulation materials are used to minimize the heat losses from the cavity and receiver. A 10 mm-thick 
insulating carbon felt is wrapped over the graphite cavity walls to avoid the direct contact between ceramic wool and 
hot cavity walls. A 20 mm-diameter aperture at the front cavity wall is used to absorb the concentrated solar 
irradiation through a hemispherical quartz window. Then, the tube placed inside the cavity is heated mainly by 
radiation from the surrounding cavity walls. Two different pyrometers placed on either side of the reactor serve as 
optical devices for direct temperature measurements on the tubular reactor external walls. The reactive medium is 
heated mainly by the conduction through the tubular walls and subsequent indirect radiation offered by inner tubular 
walls. Particles of solid reactant and inert carrier gas are supplied to the system through the tubular path in the 
downward direction for redox reactions and the necessary energy for driving the endothermic reaction (for both 
reactant heating and reaction enthalpy) is provided using the indirect solar heating as explained. The experimental 
set up during the on-sun testing is shown in Fig. 1. (b). 
  
Fig. 1. (a) Schematic of the solar thermochemical tubular cavity-reactor Fig. 1. (b) On-sun experimental testing of the reactor 
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3. Numerical simulation of solar thermochemical reactor  
3.1. Description of the computational model 
The existing reactor system was modeled including the flow domain, cavity, cylindrical tubular reactor, and 
insulators (felt and ceramic fibers) for the CFD analysis as shown in Fig. 2. The temperature measurement locations 
in the experiment for comparison with numerical model are also highlighted in Fig. 2. For the domain boundaries, 
the equilibrium convection conditions on the outer wall and equivalent radiation flux on the aperture opening was 
defined. The existing cavity height is 30 mm and it was used for the baseline study to establish the thermal profiles 
and compare with the numerical results. A 3D computational domain as shown in Fig. 2 was modelled and 
discretized (meshed) using Gambit. The mesh consists of both hexagonal and tetragonal elements (1938441 cells and 
386818 nodes) with quality parameters well within the reference values in order to obtain better results and the cut 
section of mesh on x-y plane is shown in Fig. 3. Physical properties of the various components and chemical species 
used in this study are referred from the previous studies [4, 6].  
The discretized domain was then imported to the CFD solver Ansys-Fluent for further solving the appropriate 
governing equations for fluid flow, thermal and chemical kinetics along with particle-flow interactions and radiative 
heat exchange between particles and walls. 
3.2. CFD model setup and boundary conditions 
The system was first simulated for predicting thermal profiles without considering the particle flow and reaction 
kinetics. Once the residuals stabilized and satisfactory convergence achieved, particles were introduced into the 
analysis to establish the particle-flow interaction with heat and momentum exchange. Before activating the reaction 
kinetics, the particles were assumed to be inert and subjected to only force and heat balance. The reason of 
introducing the inert particles was to better understand their influence on the thermal performance inside the reactor 
due to particle heating. Once the effect of particle heating on thermal behavior was predicted, chemical kinetics were 
activated to simulate the complete flow physics. The model includes heat and mass transfer, chemical reaction, 
multiphase flow (particles and inert carrier gas flows), and the coupling of these phenomena. The details of the 
governing equations can be found elsewhere [4, 6, 10]. 
The reactive particle-laden flow was simulated by a Lagrangian discrete phase model combined with the Eulerian 
continuum approach. The dispersed particle phase was solved by tracking a number of particles across the 
established flow field, while the carrier phase was treated as a continuum by solving the time-averaged Navier–
 
 
Fig. 2. Computational domain and temperature monitored positions Fig. 3. Discretized domain (X-Y section plane) 
Tube-front 
Tube-center Tube-back 
Cavity-
outside
Inlet 
Outlet
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Stokes equations. The dispersed phase exchanges momentum, mass, and energy with the carrier gaseous phase. The 
coupling between the carrier and dispersed phases and its impact on each other was included in the CFD model. 
The radiative heat transfer was included using discrete ordinates (DO) grey radiation model. The radiation effect 
between particles and particle-walls was also included in the radiation model. The participation of the particulate 
discrete phase in the radiation calculation consists of absorption, emission and scattering. The heterogeneous surface 
decomposition reaction consumes the ZnO particles (particle shrinkage) and this is a source of Zn species in the gas 
phase during the computation of the transport equations. The surface reaction also consumes energy, in an amount 
determined by the heat of reaction. The reaction rate is determined by inherent kinetics of ZnO dissociation on the 
basis of the Arrhenius law [6, 7]. 
The gas and particle mass flow rates with constant homogeneous particle diameter was the boundary condition at 
the tubular reactor inlet and the outlet condition was considered to be pressure outlet with zero gauge (atmospheric 
pressure). The aperture face was defined as a radiation inlet with specified heat flux of 1 kW in line with a typical 
solar radiation flux during experiments. An annular face around the aperture was also created as a gas inlet to input 
the nitrogen flow rate for ventilation of the cavity and mass flow rate was defined. The outer walls of the whole 
system were defined with equilibrium convective heat transfer coefficient and free stream temperature at lab test 
conditions. Appropriate solver settings including steady, 3D, double precision with higher order schemes for 
discretization of variables were defined. The governing transport equations were solved until the residuals and 
monitored variables are stabilized and post-processing was done from the converged solution. 
3.3. Base line simulation results and validation 
The base line study with 30 mm height cavity receiver was first simulated and validated with the experimental 
results for the similar operating conditions (no particle injection). For the input heat flux of 1 kW, the temperatures 
at different locations were compared between experimental and CFD simulation, and good agreement of results was 
found as shown in Fig. 4. The temperature measurements at the front side of the tube and at the center of the tube 
show very good agreement (difference lower than 5 %) with respect to numerical predictions. It shows that the 
radiation heat exchange between aperture, cavity walls, tube walls and particles are captured appropriately. 
However, the over prediction of temperatures at back side of the tube and external cavity by CFD can be justified 
such a way that the contact resistance between the solids are not modeled in the numerical study. Properties of the 
different materials used in the computational study may also be somewhat underestimated (e.g., actual thermal 
conductivity of insulators may become higher than the theoretical one given by the manufacturer), which is also the 
reasons for the deviation as the physical properties may change over time, temperature and test cycles due to 
materials ageing. Overall, the temperatures predicted by CFD analysis are higher than the experimental 
measurements because the CFD simulations are solved until the complete thermal equilibrium is achieved, whereas 
the experiments had not reached the steady state while the measurements were being acquired. However, the 
temperature measurements at the front side of the tube and inside the tube are more crucial than the other locations, 
and the values are not influenced by contact resistance, properties of materials and thermocouple intrusions. Hence, 
it can be inferred that the problem setup and applied boundary conditions are appropriate enough to predict the 
temperature profiles reasonably. Experimentally measured time-dependent temperatures at different locations along 
with the numerically predicted steady state temperatures embedded are shown in Fig. 5. It can be observed that the 
experiment is yet to reach the equilibrium state and hence temperature values are lower than numerical predictions. 
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Fig. 4. Results comparison (CFD vs. experiments) Fig. 5. Transient temperature by experiment vs. CFD 
3.4. Characterization of cavity size vs. input solar power 
After the validation of the base case, a number of simulations were performed with different cavity sizes in order 
to optimize it for enhanced reactor performance. The cavity sizes of 30 mm, 40 mm, 50 mm and 60 mm were 
simulated with power input levels ranging from 600 W to 1000 W with the interval of 100 W. The peak temperature 
inside the tube axis is shown in the Fig. 6 and it is evident that the smallest cavity (30 mm height) reaches the 
maximum temperature. The peak temperature inside the tubular reactor for 30 mm cavity is around 2100 K whereas 
the 60 mm cavity has the peak temperature of 1750 K for the same input heat flux. The temperature distribution at 
the centerline of the tube axis for 1 kW solar power as a function of the cavity height is shown in Fig. 7. It can also 
be observed that larger sized cavity reactor results in a more homogenous temperature distribution along the tube 
axis across the cavity length. This is due to uniform radiation heating with increased surface area. However, this 
homogeneity is obtained at the expense of maximum temperature limitation for larger sized cavities, and the tradeoff 
between uniform heating and maximum temperature needs to be considered for the specific case of study. This 
necessitates the design optimization of cavity size for the improved reactor performance in terms of uniform heating 
as well as temperature requirements. 
 
 
Fig. 6. Peak temperature in the tube Fig. 7. Axial temperature distribution in the tube 
Size of cavity can be chosen from Figs. 6 and 7 based on the metal oxide to be studied and the temperature 
required for the reaction. As the interest of this study is to analyze ZnO thermal dissociation, the cavity size of 50 
mm was selected for further analysis due to the reaction temperature requirement of greater than 1900 K.  
Gas inlet
Gas outlet 
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3.5. Thermal study for the case of inert particle flow  
In order to study the effect of particles heating on the temperature distribution inside the reactor, the case of inert 
particles injection was considered (for the 50 mm cavity height reactor without chemical kinetics). This approach 
provides understanding of the response of the system due to particles. 
The inert particles were introduced into the computational domain as discrete particles using Lagrangian approach 
and the nominal mass flow rate was 1x10-6 kg/s. The particles were coupled with the flow field calculated by 
Eulerian approach for the force and energy balance. The input heat flux was 1000 W and inert particles were also 
participating to radiative heat transfer with particle-particle, particle-gas, wall-particle and wall-wall heat exchanges. 
The emissivity of ZnO particles was considered to be 0.8 [6]. 
The axial temperature distribution along the reactor tube is compared considering a flow with and without 
particles as shown in Fig. 8. The particle heating results in a more homogeneous temperature distribution along the 
reactor tube length corresponding to the cavity height. The temperature also rises more rapidly from the inlet to the 
cavity region. It can also be observed that the maximum temperature along the reactor tube was increased in the 
cavity region. This is caused by the particle radiation absorption effects predicted by the model. 
The radial temperature distribution along the tubular reactor at cavity entry, cavity center and cavity exit is shown 
in Fig. 9. It shows that the radial temperature distribution is more uniform at the cavity exit and less uniform at the 
entry of the cavity. The temperature at the cavity exit is above 1900 K and it is homogenous, which is beneficial to 
uniform conversion. It can also be observed that the temperature at the reactor walls are higher than at the tube 
center as the reactor walls are exposed to radiation and they emit back into the reactor tube. 
 
 
Fig. 8. Axial temperature distribution in the tube Fig. 9. Radial temperature distribution along the tube 
3.6. Sensitivity study in the case of reactive particles 
In the continuing section, an injection of ZnO particles with reaction kinetics is considered in addition to the 
argon carrier gas. The two-phase reactive flow was simulated, enabling the species transport equations and reaction, 
in order to predict the flow patterns of both gas and solid phases, and reaction conversion. The Lagrangian approach 
(Discrete Phase Modeling) was considered for the particles and it is coupled with Eulerian phase flow field and 
species transport equations. The reaction kinetics was computed on the basis of the Arrhenius law. The kinetic rate 
of particle surface reaction, k, per unit area is defined as: 
݇ ൌ ܣ݁ቀି
ಶ
ೃ೅ቁ  (1) 
Kinetic data were taken from the literature [6] giving A = 1.4 × 106 kg mí2 sí1 and E = 328.5 kJ molí1. The mass 
flow rate of the particles considered for the first simulation was 1x10-6 kg/s with the constant particle diameter of 1 
μm. The temperature contours at the y-z section plane is shown in Fig. 10. The heat transfer by conduction across 
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the solid components and radiation effects can be seen. At these conditions, the entire particle flow rate was 
converted into gaseous zinc with 100 % chemical conversion efficiency as shown in Fig. 11. This shows that the 
reactor performance was favorable at the specified flow and thermal conditions. The reactor could reach the required 
reaction temperature for an efficient reduction of zinc oxide. 
 
Static temperature (K) 
 
Particle temperature (K) 
 
Fig. 10. Temperature contours in a vertical plane Fig. 11. Particles streams colored by temperature 
 
In order to study the effect of particle flow rate on conversion efficiency, the mass flow rate of ZnO particle was 
varied from 1x10-6 kg/s to 100x10-6  kg/s. The chemical conversion is plotted as a function of the particle flow rate in 
Fig. 12. As the particle mass flow rate increases, the chemical conversion decreases. This trend is not significant 
when the flow rate is changed from 1x10-6 kg/s to 5x10-6 kg/s. However, as it increases from 5x10-6 kg/s to 50x10-6 
kg/s, the chemical conversion drops by more than 50%. At the flow rate of 100x10-6 kg/s, almost no particles were 
dissociated. This could be due to the large optical thickness of the particle flow that prevents radiation absorption in 
the bulk of the gas/solid flow. High particle loading implies higher radiation attenuation from the wall, as the 
optically-thicker particle cloud serves as a radiation shield, which limits particle heating. 
Using the chemical conversion data and ZnO particle flow rate with corresponding solar power input, the solar-
to-chemical energy conversion efficiency (Ș) is calculated as: 
K ൌ ܨ௓௡Ǥ ሺ'ܪ௥ሺܶሻ ൅ ׬ ܿ௣ǡ௓௡ைǤ ݀ܶ
்
்଴ ሻȀ ௦ܲ௢௟௔௥         (2) 
The solar-to-chemical energy conversion efficiency for different mass flow rates of ZnO particles is plotted in 
Fig. 13. It can be inferred that the system has a maximum efficiency when the flow rate is 50x10-6 kg/s for the 
defined conditions of initial particle diameter (1 μm) and solar power input. Even though the chemical conversion 
decreases with the increase in particle flow rate, the solar-to-chemical energy conversion efficiency shows an 
optimum value of about 11% for a given particle flow rate. 
4. Conclusion 
An indirectly irradiated tubular particle-laden flow solar reactor was successfully modeled using CFD analysis, 
and the temperature profiles were validated with experimental test results under similar operating conditions. A 
number of thermal simulations were performed to optimize the cavity dimensions and to match the existing solar 
power with the required high-temperature thermochemical reaction consisting of ZnO thermal dissociation. Based 
on the simulation results, the optimum cavity size of 50 mm was selected for further study based on targeted 
reaction temperature and capacity of the reactor. The magnitude of temperatures reached by the system in the 
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reaction zone is in agreement with simulation predictions, thus allowing further study of thermochemical reactions 
at more than 2000 K. The modeling of inert particle flow was then conducted to study the effect of particles on 
thermal response of the reactor. It was observed that particles heating and combined radiation heat exchange result 
in a more uniform temperature distribution in the axial and radial directions of the tube, especially in the zone 
corresponding to the cavity height. 
Finally, a reactive particle-laden flow was simulated by including chemical kinetics of ZnO dissociation and by 
using combined Lagrangian-Eulerian approach. The chemical conversions were determined as a function of the 
mass flow rate of ZnO particles and it was found that the increase in particle flow rate caused the decrease in 
chemical conversion. Solar-to-chemical energy conversion efficiency was also estimated and an optimum of about 
11 % was obtained for a particle flow rate of 50x10-6 kg/s. 
The performed simulations contributed to better understanding of the reactor thermal behavior and performance 
predictions including the reaction extent for varied inlet ZnO particle mass flow rates. The results will be used in the 
optimization of the solar chemical reactor design and operation, with further studies on performance assessment. 
The simulation procedure could also be used to predict the solar reactor performances when upscaling the concept to 
a higher solar power level.  
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